Abstract not been measured by laser spectroscopy. For the studied lines data from a precision optical spectroscopy investigation by Odintsov [21] are available for comparison and a good
Introduction
2. Experimental arrangement Gas and hollow-cathode discharges can be used as sample media in high-resolution spectroscopic studies provided that collisions and Stark shifts can be kept moderate. Discharges are interesting because of the population of metastable and shortlived states that is accomplished. Thus, frequently only a single laser is needed in an investigation rather than two lasers used for stepwise excitations. Further, in a hollowcathode discharge even refractory elements can be sputtered into gas phase, eliminating the need for special high-temperature oven arrangements.
Several Doppler-free techniques like polarization spectroscopy [ 13 and intermodulated fluorescence spectroscopy [2] can be applied to discharges. In addition, and special for discharges, optogalvanic spectroscopy [3, 4] can be used. In its intermodulated version employing current detection [SI or rf-impedance detection [6, 7] , Doppler-free spectra can be obtained. The latest addition to these techniques, largely developed by the Stanford group, is the polarization intermodulated excitation (POLINEX) spectroscopy [ 8 ] , which is particularly valuable in connection with discharges because of its immunity to velocitychanging collisions, which otherwise tend to smear out an initially marked velocity group. Tech--A schematic diagram of our experimental set-up is shown in Fig, 1 . It could be used for three different Doppler-free saturation-spectroscopy techniques: polarization spectroscopy, intermodulated fluorescence spectroscopy and intermodulated optogalvanic spectroscopy. A stabilized single-mode dye laser (CR 599-21) operating with Rhodamine 6G was used in the present experiments. A CR-12 or a SP 171-17 Ar-ion unit was used as pump laser. The dye laser performance was monitored with a 7.5 GHz FSR scanning Fabry-PCrot interferometer. A digital wavelength meter was employed for setting the wavelengths, and the dye laser sweep was monitored with a 50 MHz FSR multipass Fabry-PCrot interferometer. A beamsplitter was used for dividing the dye laser beam into two counterpropagating parts, crossing in the hollow-cathode discharge. The relative intensities of the beams could be varied, depending on the method being employed. For intermodulated detection the beams were mechanically chopped at 750 and 225 Hz, respectively, and a reference signal at the sum frequency 975 Hz was generated for the lock-in amplifier. Two different hollow cathodes were employed. In the first part of the investigation a niques of these kinds have been used for measurements of hyperfine structure and isotope shifts in inert gases (see, e.g., [ 5 , 6 , 9 -l l ] ) , Cu [12, 13] and MO [14, 15] . Doppler-free 2-photon spectroscopy using various detection schemes has In our laboratory, laser spectroscopy on discharges was also been applied to discharges (see, e.g., [16, 171) . initiated about 2 years ago with Doppler-limited investigations on He, Ne, Ba and Cu transitions using pulsed and CW singlemode lasers [ 181. In a preliminary report [ 191, Doppler-free spectra on two Ne transitions were presented employing polarization spectroscopy, a technique that we had previously used in experiments on I2 lines [20] . In the present paper we present results from an investigation of 6 Ne transitions connecting the 2p53s and 2p53p configurations. Isotope shifts between "Ne (91%) and '*Ne (9%) were determined using polarization, intermodulated fluorescence and intermodulated optogalvanic spectroscopY. Three of the lines have previously 
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5 cm long Cu cathode with a 6 mm bore placed symmetrically between two anodes was used. In the latter parts of the experiments a hollow cathode, specially designed for high-resolution laser spectroscopy by Lawler et al. [22] , was used. Here a 2.5 cm bore cathode is employed. The homogeneous linewidths obtained with this latter cathode was substantially lower than for the former one. This is mainly due to lower electric fields reducing Stark broadening. The discharges were operated with currents up to 250 mA. Pressures ranged from 0.1 to 2 torr of Ne. Special care was taken in running in and cleaning the hollow cathode, which was connected to a circulation pump system with a mercury diffusion pump.
For polarization spectroscopy the hollow cathode was placed between a matched pair of Glan-Thompson polarizers (Karl Lambrecht, extinction ratio lo'), that were essentially crossed for the probing beam. The stronger pumping beam was circularly polarized employing a h/4 plate, and birefringence in the hollowcathode windows, reducing the extinction ratio, was partially compensated by a squeezed glass-plate. The last two components are not shown in the figure. Polarization spectroscopy does not require modulation at two frequencies. However, by using the intermodulation technique detecting at the sum frequency, background signal due to, e.g., glare in the hollowcathode windows can be eliminated.
For intermodulated fluorescence monitoring, light emitted through a 1.5 cm diameter hole in the hollowcathode wall was detected by a 9.558 QB photomultiplier tube after proper filtering. In the intermodulated optogalvanic experiments the modulated voltage drop over a 2 kL' 2 ballast resistor was detected by the lock-in amplifier. In the last two types of measurements the polarizers and the X/4 plates were removed.
Measurements
On the small-bore hollow cathode, mainly polarization spectroscopy measurements were performed. The circularly polarized pump beam was modulated at frequency f l and the f i modulation on the probe beam occurring at the line component center was detected. Alternatively, both the pump and the probe beam were modulated at f l and f2, respectively, and the intermodulated probe beam at f l + f 2 was monitored. In Fig. 2 polarization spectroscopy spectra for the lines 5852 A (Is2-2p,, 6143 a (lSs-2p6, 2p53s 3P2-2p53p 6,) and 6164 A (ls3-2p2, 2p53s 3Po-2p53p 3P1) are shown. The recordings were normally performed using a small preset angle i 3 on the analyser polarizer to enhance the signal-to-noise ratio as discussed in [ 11. Such a non-zero B -angle leads to a dispersioncurve admixture to the primarily brentzian line shape. This admixture is enhanced for the low-abundant 22Ne isotope. The Doppler-broadened background signal is due to velocity changing collisions. With the polarizers completely crossed and no birefringence in the cell windows, polarization spectroscopy should theoretically be immune to velocity changing collisions (providing the atomic alignment is randomized in the collisions). However, the preset angle used for heterodyning the signal partially destroys this immunity. The largest linewidth is recorded for the 5852 A line originating in the non-metastable 1s2 level (all the other levels are metastable), reflecting the short lifetime of the lower level (< 1 ns [23] ). For the other lines, to which laser spectroscopy to our knowledge has not been applied before, the linewidth is mainly due to Stark broadening in this hollow cathode of nonPhysica Scripta 2 7 2~~3~ ' P 1 -2~~3~ 'So), 5976 A (1S5-2p5,2p53~ 3P2-2p53p 'Pi), are shown, one obtained for the small bore and one for the large bore hollow cathode. Although the large bore hollow cathode curve was recorded at both higher current and pressure (I = 150 mA, p = 0.6 torr) than the small bore cathode curve (I = 100 mA, p = 0.1 torr) the former one has a substantially smaller linewidth (AV = 40 MHz) than the latter one (AV Table I . Isotope shifts for Ne lines 100 MHz), illustrating the advantageous electric field arrangement of the large-bore device. For the 58828 line (lsS-@Z, 2p53s 3P2-2p53p 3P1), recordings were made for the large-bore cathode with polarization as well as intermodulated optogalvanic and intermodulated fluorescence spectroscopy. Spectra are shown in Fig. 4 . The two latter techniques always yield symmetric line shapes. Large Doppler-broadened pedestals are observed in the spectra. These are due to velocity-changing collisions washing out the effect of velocity-dependent spectral hole burning. As found in [ 221 it was observed that the relative strength of the Doppler-free component as compared to the Doppler-broadened one increased with increasing discharge current. Linewidths were about 45 MHz.
The isotope shift "Ne-"Ne was evaluated for the six investigated lines, The results are given in Table 1 . The values are in fair agreement with those of Odintsov [21] . For these values, obtained in classical emission spectroscopy on a collimated beam, a statistical uncertainty of 3 MHz is quoted. The error bars in the present investigation are mainly determined by uncertainties in the determination of signal position for the asymmetric curves, recorded with polarization spectroscopy, which formed the main part of the data. A computer program was used in the analysis of line shapes. Stark and pressure broadening increase the signal linewidth, lowering the accuracy in the measurements. However, there should be no systematic effects on isotope-shift data as both isotopes are influenced in the same way. The significance of the specific shifts obtained by subtracting the normal shifts has been discussed by Odintsov [21] , Bauche et al. [24] and Keller [25] .
Discussion
In the present work we could compare the merits of three Dopplerfree techniques for spectroscopy of gas discharges. Isotope shifts of six Ne lines were determined and the results give a confumation of the values given by Odintsov [21] . It was found that polarization spectroscopy yields the best signal-tonoise ratio. However, because of asymmetric signals an evaluation uncertainty reduces this advantage as compared with the intermodulated fluorescence or optogalvanic techniques, which yield symmetric signals. A poor signal-to-noise ratio was obtained in the optogalvanic experiments. However, it is believed that this could be substantially improved by using a better stabilized power supply and by applying still more elaborate cleaning procedures for the hollow cathode. Due to velocity changing collisions occurring in the discharge, the Doppler-free signals sit on prominent Doppler-broadened pedestals in the last two techniques. This unwanted background can be eliminated using POLINEX, where the marking of the velocity groups as in polarization spectroscopy essentially is immune to collisions. Further, the absence of asymmetric lineshapes makes this technique particularly attractive. In our laboratory, Dopplerfree discharge spectroscopy methods will now be used for investigating hyperfine structure and isotope shifts of refractory elements.
